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Controlling magnetic textures at ever smaller length and time scales is of key fundamental and technological interest.
Achieving nanoscale control often relies on finding an external stimulus that is able to act on that small length scale,
which is highly challenging. A promising alternative is to achieve nanoscale control using the inhomogeneity of the
magnetic texture itself. Using a multilayered ferromagnetic Pt/Co/Pt thin-film structure as a model system, we employ a
magnetic force microscope to investigate the formation of homogeneous magnetization induced by circularly polarized
picosecond laser pulses. We observe the stochastic nucleation of complex nanotextured domains from an initially saturated
magnetic state. [lluminating these domains with circularly polarized light results in deterministic and homogeneous
switching of the magnetization. The growth of nanotextured domains depends not only on their macroscopic
magnetization but also on the complexity of the texture. This helicity and texture-dependent effect contrasts with the
typical homogeneous growth of magnetic domains initiated by an effective magnetic field of a circularly polarized laser
pulse. We corroborate our findings with a stochastic model for the nucleation of magnetic domains, in which the
nucleation and annihilation probability not only depends on the helicity of light but also on the relative magnetization
orientation of neighboring domains. Supported by stochastic modeling, our observations reveal the key mechanisms
underlying the multipulse nature of helicity-dependent all-optical switching in ferromagnetic thin films.

Introduction

Femtosecond laser pulses have led to a plethora of new and unexpected realizations of phase transitions between
different crystallographic [1-6], electronic [7—11], or magnetic order [12—19] that can be controlled on ultrafast
timescales. While these phase transitions have been extensively studied, it remains challenging to discern how
ultrafast phase transitions occur at the nanoscale. In this regard, ultrafast phase transitions characterized as “first-
order” in equilibrium are particularly interesting. Examples include the metal-to-insulator transition [3, 20, 21],
reversal of ferroelectric polarization [22], as well as transition to a hidden electronic state [23, 24]. These first-
order phase transitions feature hysteresis and phase coexistence. Therefore, nanoscale (meta)stable domains of
one phase can be photo-induced inside the pre-existing stable phase on an ultrafast time scale. Recent studies
indicate that the inherent stochasticity of the domain nucleation is essential for understanding the transition
pathway [3, 25]. Additionally, recent studies on laser-induced topological phase transitions involving the
stochastic formation of nanoscale skyrmions [14] were shown to rely on fluctuations. Therefore, a deeper
understanding of the control of such photo-induced stochasticity is of key interest.

Distinct from structural and electronic, magnetic phase transitions offer an additional degree of freedom due
to the dependence of the light-spin interaction on the helicity of light. This has been widely exploited for
transparent magnetic media based on the ultrafast inverse Faraday effect [26-28]. Moreover, in metallic magnets,
magnetic circular dichroism (MCD) can be utilized to control the magnetic state [29-32]. It has been suggested
that the control of magnetization with circularly polarized light depends on the local magnetization or the
difference in the absorption of circularly polarized light between two oppositely oriented magnetic domains. The
latter can cause domain wall motion induced by a thermal gradient across the domain wall [30, 33-36]. Such all-
optical control has been associated with the emergence of sub-micrometer magnetic domains [33, 35, 37]. The
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formation of these nanoscale domains aligns with the physics of first-order phase transitions, where phase
coexistence and nucleation processes play a crucial role. However, direct experimental evidence of helicity-
dependent manipulation of nanoscale magnetic textures remains elusive [38].

Studying the effect of circularly polarized light on photo-induced magnetic nanotextures requires observing
nanoscale changes after exposure to picosecond laser pulses. This is a challenging task where conventional optical
microscopy fails due to the fundamental diffraction limit. Magnetic force microscopy (MFM) is a tabletop
technique that can solve these challenges. MFM is a well-established and widely used technique because of its
high spatial resolution (~10 nm) and simplicity [39, 40]. Indeed, MFM has enabled the study of magnetic domain
walls [41] and topological magnetic particles such as vortices [42], skyrmions [43, 44], and even merons [45].
Moreover, MFM has also been recently employed to study nanotextures induced after all-optical switching in
ferrimagnetic Tb/Fe multilayers [46].

Here, we employ MFM to study the laser-induced magnetic domain nanotexture in helicity-dependent
switching in a ferromagnetic trilayer Pt/Co/Pt. Our measurements reveal that consistent with the established
physics of first-order phase transitions, the first few laser pulses trigger the stochastic nucleation of sub-
micrometer magnetic domains. By systematically studying the evolution of the photo-induced magnetic
nanotexture of the micrometer and sub-micrometer domains as a function of the number of circularly polarized
incident pulses, we find that the complexity of the nanotexture of these domains evolves differently than the total
switched area. Moreover, by varying the laser fluence, we are able to distinguish between the nucleation and
heating of the magnetic nanotextured domains. In particular, we demonstrate that under the action of laser
radiation, isolated sub-micrometer domains shrink instead of grow. Both these findings show that existing
mechanisms for all-optical magnetization switching, which rely on an effective magnetic field originating from
the inverse Faraday effect [47, 48] or a temperature gradient-driven domain wall motion [33, 34, 49], are not able
to describe the effect of picosecond circularly polarized laser pulses on magnetic nanotextured domains. To explain
our experimental results, we developed a phenomenological model based on switching energy barriers of the
nanoscale domains that account for the MCD effect and depend on the relative orientation of adjacent domains,
achieving effective domain growth via nucleation and coalescence.

Results

The sample we studied is a ferromagnetic Pt/Co/Pt trilayer with perpendicular magnetic anisotropy (as shown in
Fig. 1a). We first establish the necessary conditions for laser-induced deterministic switching of magnetization in
our sample using conventional magneto-optical microscopy. In our experiments, we utilize circularly polarized
laser pulses with specific helicities chosen to achieve deterministic switching (see the Methods section). The pulse
duration is set to 3 picoseconds, as this duration provides the highest efficiency for multipulse helicity-dependent
control of magnetization, consistent with previous experiments conducted on Co/Pt samples [30, 33-35, 37].

A sketch of the phase diagram of the magnetization state (M) after illumination with circularly polarized pulses
as a function of the number of pulses (V) and fluence is presented in Fig. 1b. First, we observe that above a fluence
of Fr= 2.6 mJ/cm?, the sample can’t be switched deterministically. Below this threshold, the ferromagnetic
monodomain ground state shifts to deterministic switching through an intermediate state with partial switching as
N increases. At least ten pulses are needed here to achieve deterministic switching; however, adding more pulses
turns the deterministic switching state into a mixed state of partial and deterministic switching.
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Fig. 1 Nanoscopy of the magnetic nanotextures in Pt/Co/Pt trilayers. (a) Sketch of the in situ MFM measurement of domains nucleated by
picosecond circularly polarized (o) laser pulses in Pt/Co/Pt trilayers. Arrows indicate spins that are aligned in the direction perpendicular to
the surface plane. (b) Sketch of the phase diagram of the magnetization state M as a function of the number N of circularly polarized laser
pulses and fluence. The magnetization, denoted as M =1 and M =—1, represents the magnetization directions "up" and "down," respectively.
The diagram of the laser-induced magnetization has been reconstructed using data obtained from Faraday microscopy and MFM (original data
can be found in Extended Data Fig. 1 and Supplementary material 1). The data points illustrate sampled phase boundaries, displaying the
ground state (yellow data points), domain networks (blue data points), deterministic switching (white data points) and mixed state (black data
points). Blue area extrapolated according to the MFM data. (¢) MFM images of typical nanotextured domains observed in the deterministic
switching, mixed state, and domain networks state. The scale bar is 5 pm.

To achieve nanometer-scale resolution, we aligned the laser to the scanning region of the MFM tip and
performed in situ probing of the laser-induced nanotextured magnetic domains (Fig. 1a). Using MFM, we
discovered that the intermediate partially switched state (the light-blue region in Fig. 1b) is characterized by
interconnected domains, which we term domain networks. As these domain networks are typically of micrometer
size, the resolution of MFM allows us to resolve the nanoscale texture of these domains. Typical MFM images
displaying the magnetic domains observed in the deterministic switching, domain networks, and mixed states are
presented in Fig. 1c. We provide a complete data set of magneto-optical and MFM images that support the phase
diagram in Extended Data Fig. 1 and Supplementary material 1.

Next, we focus on the evolution of the domain networks under the action of different numbers of pulses. In
our experiments, we use sequences of the millisecond-separated pulses in the range from 0 to 10 pulses, each
having a fluence F'=2.26 mJ/cm?. A representative evolution of the nucleated magnetic nanotextures as a function
of N of circularly polarized laser pulses is shown in Fig. 2a. We repeated the experiment three times for each N
value. After each MFM image, the irradiated region was returned to its ground state using an external magnetic
field higher than the coercive field of the sample (see the Methods section). We observe that already, after two
pulses, domains having a size of about 1-2 um are generated. After four pulses, the nucleated domains coalesce
into domain networks. Although the total switched area remains roughly the same in each repetition of the
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experiment, the locations and forms of the nucleated domains vary across the illuminated spot. With an increased
number of pulses, we observe an increased coalescence of the domain networks, resulting in nearly uniformly
switched magnetization after about ten pulses.

To quantify our observations, we use two metrics. The first is the switched area (A4;), normalized by the total
area of the laser beam (4p). As shown in Fig. 2b, the growth of the Ay/A4y is approximately linear in the range of 10
pulses, as indicated by the solid grey line. Secondly, we measure the complexity of the domain network texture
using the fractal dimension D as a parameter calculated via the Minkovski-Bouligand method [50, 51], see
Extended Data Fig. 4. We treat the domain wall as a one-dimensional object so that a fractal dimension D = 1
would refer to perfectly round domains. Fig. 2b shows the rapid growth of the domain’s complexity when N varies
from 2 to 6. One can see that during this stage, the nucleated domains begin to coalesce, forming domain networks.
At 6 pulses, D peaks at a value of ~1.24, where we see the most complex texture of magnetic domains. After six
pulses, the fractal dimension D levels off, indicating that the domain texture evolves towards a deterministic
switching state. Subsequently, illuminating the sample with up to 100 pulses with F = 2.26 mJ/cm? leads to the
development of a mixed state. After 1000 pulses, the separation between deterministic state and domain networks
in the mixed state becomes apparent with the switched ring and smooth domain wall, where D equals 1.15 (See
Extended Data Fig. 2.). The main cause of the mixed state's emergence is the heat accumulation in the center of
the illuminated area [37]. We estimate the heat accumulation and its spatial distribution in our sample, as detailed
in Supplementary Notes 4, 5. The effect of accumulated heating on switching is demonstrated in Supplementary
Note 6.
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Fig. 2 Multi-pulse evolution of stochastic domain networks. (a) MFM images of the laser-induced stochastic domain networks as a function
of the number of pulses N at a fluence of F = 2.26 mJ/cm>. The lower panel shows the result of the simulations using a probabilistic energy
barrier-based model (details, see below). The scale bar is 5 pm. (b) The normalized switched area 4y/4y (gray) and the fractal dimension D
(red) as a function of the incident number of circularly polarized laser pulses N, calculated from the experiments and simulations, respectively.
The solid lines serve as a guide for the eye. The switched area grows linearly up to 10 pulses, as seen in the experiments and simulations. In
D, we observe a rapid increase to D ~ 1.24 (~1.12) from 0 to 6 pulses, followed by a plateau for experiments and simulations.

The observed multi-pulse formation of the domain networks deviates from the established understanding of
deterministic switching in Co/Pt multilayers. The conventional models explain all-optical switching in
ferromagnetic thin films as nucleation followed by the gradual growth of domains, driven by temperature
differences across domain walls [30, 33—35]. This gradient arises from the MCD effect across a domain wall
caused by differences in absorbed laser power for domains with opposite directions of magnetization. The
subsequent temperature difference drives the domain wall from the colder toward the hotter region. For instance,
temperature gradients on the order of VI'= 1 K/nm have been reported [33—35, 52]. It remains uncertain whether
the temperature gradient also plays a dominant role in deterministic switching at the nanoscale. In this scenario,
we would expect a steady-state growth of domains with each laser pulse, resulting in growth that is uniformly
distributed along the entire domain wall. This should maintain the complexity of the nucleated domains. However,
this expectation contrasts sharply with the results of our experiments.

We conducted the following experiment to investigate the contribution of the MCD-derived domain wall
motion to the deterministic switching process at the nanoscale. Using the fluence Fr, we first nucleate a set of
mutually isolated domains, see Fig. 3. Next, we illuminate the nucleated domains with identical pulses but with a
fluence below Fr, thus prohibiting further nucleation of the domains. This allows us to investigate the growth of
the existing domains solely. As circularly polarized pulses are more strongly absorbed by the ground state, the
temperature is higher outside the sub-micrometer isolated domains, and thus, the domains are expected to grow.
In contrast to these expectations, Fig. 3 shows that at F=2.4 mJ/cm? < Fr, nucleated domains became smaller with
each subsequent pulse until the third below-threshold pulse annihilated them. These observations prove that an
effective magnetic field originating from the MCD-induced thermal gradient is not the dominant mechanism at
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Fig. 3 Evolution of photo-induced sub-micrometer domains under the MCD-derived temperature gradient. First, a pulse with above
threshold fluence (2.6 mJ/cm?) was used to nucleate sub-micrometer domains. The fluence of subsequent pulses was reduced to 2.4 mJ/cm?
to prevent additional nucleation. We observe the shrinking and eventual annihilation of the nucleated domains. The scale bar is 5 pm.

the nanoscale. Hence, the impact of circularly polarized light on the observed sub-micrometer magnetic domains
has to be attributed to another microscopic mechanism.

Discussion

To explain our experimental observations, we propose a phenomenological model that can be seen as an extension
of the model for granular magnetic media developed by Gorchon et al. [31, 32]. To adapt this model to the case
of continuous films, we consider a system composed of small domains, where each domain is defined by either
magnetization up or down, denoted as M = +1. For simplicity, we choose an equidistant mesh in two dimensions,
in which each cell has the same size, corresponding to the smallest stable domain observed experimentally (see
Extended Data Fig. 9). Following Gorchon ef al., the effect of the laser pulse is modeled as an Arrhenius activation
over an energy barrier. In this model, the characteristic time for the system to transition over the energy barrier is
expressed as T = toexp(E,/kgT), where E, is the energy barrier, T is the electronic temperature, and 1/1
represents the attempt frequency to overcome the barrier [31]. Distinct from granular systems, we introduce a
dependence on the alignment of the adjacent domains in the switching energy barrier for continuous films. As
shown in the Supplementary Note 2, it follows from micromagnetic calculations that the dependence takes the
form

Eb(n) = EO + Eln, (1)

where 0 <n < 4 represents the number of direct neighbors of the cell aligned parallel to it. In short, the energy
barrier is reduced by the presence of domain walls with neighboring domains, leading to a linear dependence on
the number of aligned neighbors. To model the dynamical changes of the domains under the influence of laser
pulses, we assume that the switching probability during a short time interval Az < 7 is given by P = At/z.

We simulate the experiment by iterating over the time step Az. Ultrashort laser pulses are treated as temporal
and spatial temperature profiles that act as ultrafast heating and exponential heat dissipation. The details of this
are provided in the Methods section. The MCD due to circularly polarized laser pulses is implemented such that
the M =1 grid cells (yellow) experience a 4% higher laser heating than the M = —1 cells (black). The results of
this simulation are shown in Fig. 2, next to the MFM measurements discussed earlier. We see that the model
exhibits qualitative agreement with the experimental observations. Using this model, we can also explain how the
mixed state forms and how the helicity of light affects the laser-induced evolution of stochastic domain networks
(See Extended Data Fig. 2 and Extended Data Fig. 3).

To better understand the physics of this model and particularly the role of MCD, we illustrate it for a simple
system. Fig. 4a shows the energy barriers for a single domain as a function of the number of aligned neighbors.
When no neighbors are aligned, the domain exhibits the lowest energy barrier and the highest switching
probability. As the number of aligned neighbors grows, the barrier increases, and the switching probability
decreases. Upon introducing the small temperature differences caused by the MCD, denoted as +AT (for M=+1,
respectively), the switching probabilities P(n) are affected by P, (n) — P(n), where P;(n) is the probability at 7'
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Fig. 4 The impact of the texture and helicity of light on the switching probability. (a) Energy barriers of the single M =1 (yellow) cell as
a function of the aligned nearest neighbors. (b) Difference between switching probabilities with and without MCD as a function of aligned
nearest neighbors at peak temperature (see Eq. (2)). The effect is maximized for zero and one aligned neighbor. The background color
represents the color bar from Fig 4c. (¢) The macrospin model is calculated for a small grid of cells (top). The enhancement of the switching
probability due to the MCD effect close to the complex domain wall is shown at the bottom. The bottom panel is a sketch that doesn’t represent
the actual resolution.

+ AT caused by circularly polarized light. As illustrated in Fig. 4b, the size of this change depends on the number
of aligned neighbors n of a given cell (at the maximum temperature reached in the simulation). To understand this
point, we perform a linearization in A7/T

2
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In the simulation parameters, the condition (E, + Eyn)/(kgT) = 1 is satisfied. This ensures that the exponential
decay dominates over the linear term, decreasing P, (n) — P(n) as n increases. This observation explains why the
MCD-derived enhancement of switching probability is most significant for cells with no or one aligned neighbor.
We simulate a complex magnetic nanotexture shown in Fig. 4c and calculate P, (n) — P(n). The MCD's most
significant effect on the switching probability is observed in the middle section of the figure, specifically for cells
with n = 0 or n = 1 aligned neighbors, where the domain network's nanotexture is the most complex.

The outcome of this model is a detailed explanation of helicity and texture-dependent switching in
ferromagnetic thin films at the nanoscale. Initially, a laser pulse with above-threshold fluence nucleates isolated
domains stochastically. Following this, the growth of these domains occurs due to subsequent irradiation with
laser pulses and nucleation of new domains and their coalescence with existing ones. The stochastic nature of this
process leads to the formation of complex stochastic domain networks. When these stochastic domain networks
are exposed to circularly polarized laser pulses, the switching probability is enhanced near complex magnetic
nanotextures, leveling off the complexity of the existing domains and forming a deterministic switched state.

Conclusion

In summary, we used in situ MFM measurements to investigate how the domain nanotexture mediates multipulse
helicity-dependent switching in a Pt/Co/Pt trilayer. Our results reveal that a single laser pulse stochastically
nucleates sub-micrometer magnetic domains. Contrary to common belief, we find that the subsequent photo-
induced growth of the domains is not driven by homogeneous growth due to an effective magnetic field, as
previously conjectured for sub-micrometer magnetic domains. Instead, quantitative characterization of the
emerging domain networks as a function of the number of laser pulses shows that the complexity of the domain
network evolves distinct from the switched area. We introduced a novel measure for the switching efficiency based
on the fractal dimensionality/complexity, which helped us to effectively track the evolution of the domain
networks under irradiation of circularly polarized pulses. Our phenomenological modeling shows that the
7
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switching probability depends not only on the helicity of light but also on the complexity of the domain
nanotexture, providing qualitative agreement with the experimental results. Together, our experiments and
modeling reveal that homogeneous and deterministic magnetization switching in the ferromagnetic Pt/Co/Pt
system occurs via a laser-induced formation of domain networks —a helicity and texture-dependent effect. These
findings open new pathways for leveraging inhomogeneous laser-induced heating to control ultrafast nanoscale
magnetism, studying laser-induced complexity, and exploring photo-excitation effects in first-order phase
transitions.

Methods

Sample fabrication. We engineered a multilayer structure with perpendicular magnetic anisotropy, composed
of thin films of Ta (1.0 nm), MgO (2.0 nm), Pt (3.0 nm), Co (0.6 nm), Pt (3.0 nm), and Ta (4.0 nm) on a synthetic
glass substrate. Using the Faraday rotation setup, we characterized the magnetic properties of the sample by
measuring the out-of-plane hysteresis loop (see below). This structure exhibited a coercive field of approximately
28 mT, as shown in Extended Data Fig. 6. We chose to use a single Co layer based on the well-established finding
that reducing the Co/Pt repeats leads to higher perpendicular magnetic anisotropy, larger domain size, and more
efficient all-optical switching [37]. The symmetric structure was utilized to simplify the magnetic system and
eliminate the Dzyaloshinsky-Moriya interaction [43].

Laser excitation. An amplified Ti:sapphire laser system (Spectra-Physics Spitfire Ace) with a central
wavelength of 800 nm, controllable pulse width between 50 fs and 3ps, and a repetition rate of 1 kHz was used to
control the sample surface’s magnetization locally. We utilized 3 ps circularly polarized laser pulses with helicities
defined as 6" and o~ (for right and left-handed circularly polarized laser pulses, respectively). We used a quarter-
wave plate to control the helicity of the laser pulses and an external Pockels cell to control the number of pulses
during sequential illumination. The excitation beam used to obtain the data in Fig. 1 and 2, Extended Data Fig. 1,
2,7, 8, and 9 is elliptical with a Gaussian profile, with a full width at half maximum of 35 pm and 107 pum for the
x and y axes, respectively. The excitation beam used in Fig. 3, Ext. Data Fig. 3, and 5 is circular with a Gaussian
profile and a beam diameter at full width at half maximum of approximately 60 um.

Faraday rotation setup. We used the Faraday effect to measure the sample's hysteresis loop. As a source, we
utilized a HeNe laser. For the polarizer and analyzer, we used Glan-Taylor polarizer. The laser light was modulated
using a photoelastic modulator and focused on the sample positioned between the poles of an electromagnet with
holes. The magnetic field was applied in an out-of-plane geometry. The laser passed through the poles and the
sample and was collimated by a second lens, after which the beam went through an analyzer and was detected
using a single diode and lock-in amplifier. The reference signal for the lock-in was taken from the photoelastic
modulator controller.

Faraday microscopy setup. We used the magneto-optical Faraday effect to visualize the laser-induced
domains in the Pt/Co/Pt trilayer. A monochromatic and coherent laser source (HeNe laser) illuminated the sample
at a central wavelength of 633 nm. A beam expander was employed to enlarge the beam and uniformly illuminate
the sample. We used Glan-Taylor polarizers as both polarizers and analyzers. To magnify the image, we utilized a
10x objective lens. After the analyzer, the light was projected onto the CCD camera (Coolsnap HQ). The laser
excitation beam was aligned in a non-collinear geometry and focused on the sample surface with a 250 mm focal
length lens.

Deterministic switching conditions. To establish the switching conditions, we utilized magneto-optical
microscopy in a Faraday geometry. First, we identified the effect of the circularly polarized light pulses on the
switching process using a swiping technique [29]. The result is shown in Extended Data Fig. 7. We observed that
o~ circularly polarized pulses deterministically switch the magnetization from the "up" state (M =1) to the "down"
state (M =—1). Second, we varied the fluence and the number of ¢~ pulses on different sample spots and monitored
the final state of the Pt/Co/Pt exposed to laser pulses (see Extended Data Fig. 1a). We defined the condition as
deterministically switched when the magnetization in the center of the spot was homogeneous, and there were no
domain networks. The switching efficiency diagram can be found in Extended Data Fig. 1b. One can see that
homogeneous switching from magnetization M = 1 to magnetization M =—1 could be achieved for fluences lower
than ~2.6 mJ/cm?. The minimum number of pulses required for deterministic switching was 10, consistent with
previous studies [30].

MFM. We utilized an NT-MDT NTEGRA Atomic Force Microscope for the MFM measurements. In our
experiment, the scanning head of the microscope is coupled with the MFM tip. The scanning head can be removed,
which completely separates the tip from the sample. Afterwards, the sample is exposed to the laser beam, and the
scanning head is repositioned to approach the sample surface. MFM images were acquired with a probe height of
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less than 100 nm. Two-pass MFM method was used. Low-moment MFM tips (NT-MDT MFM LM) were utilized
to avoid disturbing the magnetic domains in Pt/Co/Pt. MFM images were corrected using the median line
correction method. A direct comparison of the magneto-optical snapshots with the MFM maps shows a substantial
spatial resolution enhancement (see Extended Data Fig. 8). Using MFM, it was possible to observe nanoscopic
domains with sizes as small as ~200 nm (see Extended Data Fig. 9).

Single pulse helicity-dependent nucleation. We quantified the effect of the single laser pulse fluence and
MCD effect on the nucleation of the nanoscale domains. To this end, we performed fluence dependence
measurements of both (¢7) and (¢") circular polarized pulses [31-35]. The result is shown in Extended Data Fig.
5a. We observed that the threshold for small domains is F;"=2.57 mJ/cm? for ¢~ pulses, while for ¢* pulses, the
critical threshold fluence is Fc"=2.7 mJ/cm?. The difference between F;"and F.. confirms that the absorption of
o"and o~ pulses is inequivalent, which can be attributed to the MCD effect. In the present case, the wavelength of
the laser is 800 nm, for which the typical value of the MCD in Pt/Co/Pt is approximately 1.5% [53]. In Extended
Data Fig. 5b, we plot 44/A4y as a function of helicity and fluence and extract an MCD-induced shift in the fluence
dependence of approximately 3%. Extended Data Fig. Sc shows that the fractal dimension D also exhibits an MCD
effect but with a slightly smaller shift of approximately 1.5%. We observe that both 44/4, and D exhibit nonlinear
growth as a function of fluence. Interestingly, D increases and saturates at approximately 1.4 for a 2.9 mJ/cm?
fluence.

Simulations. Simulations were conducted using a square grid of 100x50 cells model system. Each cell
interacts with its neighbors, and the energy required to switch these domains depends on the nearest-neighbor
alignments. We utilized Equation (1) to estimate the energy barriers using Eoand E1, which are extracted from the
micromagnetic model (details are provided in Supplementary Note 2). The laser pulse is modeled as a temperature
profile in time. For simplicity, the temperature 7(¢) follows an exponential rise and decay defined by dT/dt, during
the laser pulse

ar _ {(T —T,)/Trise,» during pulse 5

dt (T —To)/Tpqu,» otherwise

For the duration wyuse = 3070 of the laser pulses, the temperature goes to a peak 7, on a timescale s = 70 (for
simplicity, the heating is almost instant) and to a base temperature To= 0.2E¢/ks on a timescale 774 = 307
otherwise. We found that this pulse duration in our simulation qualitatively reproduces single-pulse domain
nucleation with 3 ps pulses (See Supplementary Note 3).

The peak temperature during the laser pulse is influenced by both the position and the direction of the local
magnetization. This is because the laser has a Gaussian profile in space, and the heating of the cells is affected by
their magnetization M through the MCD effect. This leads to

T, = T,(M, 1) = Ty + (1 — aM)Tpeqrexp (%:) , 4

where a = 0.025 is the MCD factor, leading to a 4% difference in heating, 7 is the position of the laser, o, = 8um
(40 cells) is the width of the Gaussian profile, Tpeak = Eo/ks. The time interval between laser pulses was 3001.

Calculating the fractal dimension directly from the simulation images poses a challenge due to the low
resolution, where the relevant shapes are approximately of the same size as the pixels. To effectively compare the
simulations with the MFM images, we refined the mesh by a factor of 10 and applied a Gaussian filter with a
standard deviation of ¢ = 100 nm to simulate the resolution of MFM. In the box-counting method for calculating
the fractal dimension, we only consider the points corresponding to the largest six box sizes for the fit (See
Extended Data Fig. 4). The simulated switched area and fractal dimension data shown in Fig. 2b are the average
and standard error over 50 runs for improved accuracy and to account for the stochastic nature of the model.

Data availability

Source data for the figures are publicly available at https://doi.org/10.34973/6j6t-pd76. All other data that support
the findings of this paper are available from the corresponding authors upon request.
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Extended Data Fig. 1 Conditions for deterministic switching in Pt/Co/Pt. (a) Magneto-optical images of the magnetization after
illumination with o laser pulses as a function of the number of pulses and fluence. Magneto-optical images were obtained using magneto-
optical Faraday microscopy. Images were post-processed by removing the background. The images of the ground state, unaffected by laser
pulses, are replaced by a uniform yellow background. The scale bar is 15 pm. (b) Diagram of the average magnetization after laser illumination
inside the switched spot as a function of the number of pulses and fluence. Dots in the corners of the images represent the MFM sampled
images in deterministic (white) and mixed states (black) displayed in (c). The scale bars in (c) are 5 pm.
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Extended Data Fig. 2 Complete multi-pulse evolution of helicity-dependent switching up to 10 thousand pulses. (a) MFM images of the
laser-induced stochastic domain networks as a function of the number of pulses N at a fluence of 7= 2.26 mJ/cm?. The white shadow indicates
progress in the deterministic state formation. The lower panel shows the result of the simulations using a probabilistic energy barrier-based
model, including and excluding heat accumulation. We see that heat accumulation doesn’t affect the formation of the homogeneously switched
domain at a low number of pulses. Heat accumulation was implemented in the model as an exponential growth of the base temperature from
To= 0.2Ey/ks to Ty= 0.5Ey/ks saturating at ~100 pulses. The scale bars are 5 um. (b) The normalized switched area 4/4y, (gray) and the fractal
dimension D (red) as a function of the incident number of circularly polarized laser pulses N, calculated from the experiment and simulations,
respectively. We run the simulation 50 times from 0 to 10 pulses, 3 times in the range 100 to 1000 pulses, and 1 time for 10000 pulses. We use
only the outer domain wall to estimate the fractal dimension of the deterministic part in the mixed state. The switched area increases linearly
up to 10 pulses and then saturates after 100 pulses, followed by a slow growth, as observed in the experiment and simulation. In D, we observe
a rapid increase to D ~ 1.24 (1.17) from 0 to 6(7) pulses, followed by a plateau from 6(7) to 100(10), and a decrease to D ~ 1.15 (1.11) from
100(10) to 10K pulses for experiments (simulations).
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Extended Data Fig. 3 Effect of MCD on laser-induced evolution of stochastic domain networks. (a) MFM images of the laser-induced
nanosized domain networks as a function of the number of ¢~ and LP pulses. Fluence was fixed at a value of about 2.5 mJ/cm?. (b) Simulated
images of the laser-induced domains with and without the contribution of the MCD effect. The scale bar is 5 ym.
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Extended Data Fig. 4 An example of the fractal dimension calculation using the Minkovski-Bouligand method. (a) Binary MFM image
of the sample after illumination with 4 pulses. (b) Graph of the logarithm of box size plotted against the logarithm of box number with a linear
fit showing a value for D = 1.17+0.04.
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Extended Data Fig. 5 Single-pulse nucleation of the domain networks. (a) MFM images of the single-pulse nucleated domains as a function
of pulse fluence for left (¢7) and right (¢7) circularly polarized laser pulses. We observe that the threshold for small domains is F,-=2.57
mJ/cm? for ¢~ pulses, while for ¢" pulses, the critical threshold fluence is F,~=2.7 mJ/cm? The difference between F,+and F,- confirms that
the absorption of 6" and ¢ pulses is inequivalent, which can be attributed to the MCD effect. The scale bar is 5 pm. (b-c) Switched area (b)
and fractal dimension (c) as a function of fluence for the domain networks. Extracted an MCD-induced shift in 4y/4y as the function of fluence
is approximately 3%. Fractal dimension D also exhibits an MCD effect but with a slightly smaller induced shift of approximately 1.5%. Solid
lines in (b,c) serve as a guide for the eye.
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Extended Data Fig. 6 Magnetic hysteresis loop for Pt(3 nm)/Co(0.6 nm)/Pt(3 nm). The hysteresis loop is measured by observing the
Faraday rotation in response to changes in an applied magnetic field.
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Extended Data Fig. 7 Effect of the light helicity on the switching. Magneto-optical image of two domains with M=1 and M=—1 after
sweeping with a laser beam with o—, o+, and linearly polarized light (LP). Image shows that to switch magnetization from M=1 to M=—1
(M=—1to M=1), 6— (o+) pulses are necessary. The scale bar is 100 ym
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Extended Data Fig. 8 Comparison of magneto-optical Faraday and magnetic force microscopy for studying laser-induced magnetic
nanotextures. The Scale bar is 5 um
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Extended Data Fig. 9 Smallest laser-induced magnetic domain. An MFM image of the laser-induced stochastic domain network was
obtained after illumination with six pulses. The zoom-in panel shows the smallest magnetic domain. The line profile was fitted with a Gaussian
distribution. The domain size is about 235 nm (Full width at half-maximum). The scale bar is 5 um
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Fig. S1. Original data for the phase diagram of fluence versus the number of pulses in Fig.1b. MFM images of the laser-induced domains
in Pt/Co/Pt as a function of fluence and number of pulses. We demonstrate that we observe intermediate states of stochastic domain networks

at low-fluence conditions. All images are 30x30 um?. The scale bar is 5 pm.



Supplementary Note 11

Using an analytical micromagnetic model, we estimate the switching energy barrier between M = +1 of a cell in
simulation for all possible configurations of neighbors. We consider a magnetization profile of a square domain of
size s = 200 nm, representing the cell, surrounded by domain walls with its four neighboring cells Mpeigny = 1.
To avoid microscopic details, we model the cell switching as an effective 180-degree rotation of its magnetization. In
the micromagnetic model, this rotation also affects the magnetization profile of the domain walls with their neighbors.
This leads to the neighbor-dependent evolution of the micromagnetic energy during the rotation, from which we
extract the switching energy barriers. An example of a magnetization configuration during such rotation is given in

Fig. S2. The micromagnetic energy is given by the out-of-plane uniaxial anisotropy and exchange energy
AN2 dm?
E = [If Kete(M - 2)*dxdydz + [[f A () dxdydz, (1)

where M is the continuous magnetization field, 4 is the exchange stiffness, and K. is the effective out-of-plane
anisotropy. Note that for simplicity, the dipole interaction is only taken into account as shape anisotropy to avoid long-
range terms. It will be useful for the energy calculation to split the configuration into five regions, as indicated in Fig.
S2.

The rotation is parameterized by the out-of-plane magnetization —1 < m < 1. For m = —1 to m = 1 domain
walls (i.e., between antiparallel domains) in such a micromagnetic system, one finds an analytical solution for the
domain wall profile [1] giving only non-zero values for the angle with the out-of-plane axis 6,4, (x) =
2arctan (exp(x/ A)) , where A= ,/A/K.s and x is the distance perpendicular to the domain interface. To

accommodate domain walls between Mpejghp = —1 and arbitrary —1 <'m < 1, we take an approximate profile

arccosm

0,,(x) = 2arctan (exp %) )

T

For a wall from Mpejgnp = 1 to m, this becomes —6-,(x). For such profiles defined by only one angle 6(x), the

micromagnetic energy density € in the yz-plane can be written as

2
€ = [ Kegsin?0(x)dx + [ A (de(x)) dx. 3)

dx

It is now easy to calculate the exchange energy density for the profile Eq. (2):

€dw.exch (M) = f_oooo A (%ix))z dx = 2,/AKg - (arccos (m)/m)?. 4)

Note that the profile Eq. (2), in general, never aligns with the anisotropy axis at positive x, so we must bind the
extent of the wall to a finite value x = t = 3A< s5/2 (see Fig. S2). We obtain for the anisotropy energy density in the
yz-plane

t .
€dw,ani(M) = f_t Kegesin? (6, (x))dx (5)
= Kot f_tt sin? (Zarctan (exp(x/1)) - M) dx, (6)

T

for which no simple analytical solution can be found.
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Fig. S2. Example of out-of-plane magnetization configuration under rotation of one model cell with a sketch of the subregions used for the
energy calculation. Note that the neighboring domains of the middle cell are fixed at M.= Mg, = £1. Green and black frames represent the

subregions used for the calculations. The subregions correspond to the homogeneous part of the cell (green) and the four domain walls (black).

These expressions hold for the profile from Myejgn, = —1 to m, but we can write the energy of Mpejghp = 1 tom
walls as €gy, excn (—M) + €gw,qani (—m), since the & only appears inside even functions. These walls stretch along the

length s of the domain and its walls, so we take their length as s — t. Then, the energy of the four walls is

Eqw(m) = d(s —t) Xneighb i Edw,exch (SEN(—M;)m) + €4y ani(sgn(—M;)m), @)

where d is the sample thickness.
The exchange energy of the homogeneous part of the domain between the domain walls clearly vanishes, but we
still need to calculate its anisotropy energy. On either side, there is a half-domain wall of thickness ¢, so the remaining

anisotropy energy is

Edomain,ani(m) =d(s — 2t)zKeff(l - mz)- (®

The switching energy barriers are now found from the difference between the peak of the energy during the
rotation, i.e., the maximum of Egy,(m) + Egomainani(m) for —1 <m <1, and the initial energy Eq, (M) +
Egomain,ani(M) . This gives an approximately linear dependence on the number of aligned (i.e., MMpeighy, = 1)
neighbors n

E,(n) = E; + Eyn. 9)

We found the best correspondence of the domain shape as well as the fractal dimension for A/K.q= A%>=285.7nm?,
in which case the domain wall thickness is dg4,, = mA= 53 nm. Fitting to equation Eq. (9) then leads to E, = E;.

Stochastic domain networks and cumulative switching could be achieved for other values A/Kg¢ within an order



magnitude, but the shapes and fractal dimensions deviated from the experimental results. We note that the used value
of 53 nm for d;,, is a bit large compared to the literature (dg,, = 21 nm) [2]. Complete quantitative agreement cannot
be expected given the approximations made in the analytical micromagnetic model, such as neglecting dipolar and

Dzyaloshinskii-Moriya interactions and assuming a classic Bloch domain wall profile.

Supplementary Note 111

We present experimental data on the single-pulse laser-induced nucleation of domains in Pt/Co/Pt as a function
of pulse width in Fig. S3. We found that decreasing the pulse width results in a reduction of the average sizes of the
nucleated domains. The short 100-femtosecond pulse nucleates domains with an average area of approximately 1.1
um?, while the 3 ps pulse nucleates domains with an average area of approximately 3.7 um?2. We simulated the single
pulse nucleation as a function of the Wpulse in our model. The simulations are in agreement with the experiment.
According to the simulation, longer pulses should be preferable for helicity-dependent all-optical switching. We note
that, experimentally, very long pulse excitation is impossible because the laser's peak intensity must be sufficiently
high to reach the Curie temperature without damaging the sample. Due to heat accumulation, excessively long pulses

cannot be used for helicity-dependent all-optical switching.
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Fig. S3. Dependence of the size of single-pulse laser-induced nucleated domains on the pulse width. We plot MFM images and the results of
the simulations. We observe that the simulations accurately reproduce the experimental results. The size of the images is 20x20 um>.



Supplementary Note IV

Here we estimate the accumulated temperature in Pt/Co/Pt as a function of the number of pulses. First, we estimate
the temperature rise due to the single-pulse laser illumination using the two-temperature model [3]. We use two

coupled differential equations:

Co(T) 2 = —G, (T, = T)) + P(D), (1)

ar

ar
C(T) =

M= Go(T, - Ty, @
where T, and T; are the electron and lattice temperatures, C, is the electronic heat capacity, modeled as YT, C; is the
lattice heat capacity, which linearly depends on temperature, G,; is the electron-phonon coupling constant, P (t) is the
absorbed laser power density a function of time. We perform the transfer matrix method to estimate absorbed fluence
in the Pt/Co/Pt trilayer [4]. We plot the absorption profile in the multilayered structure in Fig. S4a. We utilize this data
to calculate the absorbed fluence in the Pt/Co/Pt trilayer and to determine the temperature profiles of the electrons
and the lattice after being illuminated by a 3 ps laser pulse with a fluence of 2.26 mJ/cm?. We solve equations (1) and

(2) using values for the G,;, v and C; from reference [3]. We provide the transient electronic and lattice temperature
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Fig. S4. Evolution of the temperature. (a) Absorption of the 800 nm wavelength light in the whole sample. (b) Evolution of the electronic and
lattice temperature as a function of the delay time in Pt/Co/Pt trilayer.

profile in Fig. S3 b. The electronic temperature rises on the timescale of half the laser pulse duration, reaches T=520
K [2], and peaks at approximately 540 K, followed by relaxation to the lattice temperature over ~ 2 ps, after which it
equilibrates with the lattice temperature. Lattice temperature grows right after the laser pulse and levels off at 510 K
after ~6 ps. Following long heat dissipation governed by heat dissipation in metal (nanoseconds)[5], and the rest of
the heat dissipating in the substrate (milliseconds) [6]. Next, we estimate heat accumulation based on the switched
patterns in the Extended Data Fig. 2. We link the threshold electron temperature to the width of the nucleated pattern.

2
Wth

sz Where Tu s a

The change in the base temperature can be calculated as AT = Ty, — T,(4.5ps)exp (—



peak electron temperature at F'r, wy, is a width of the switched spot, FWHM is a full width at half maximum of the
gaussian beam, which is equal to 110 um (See Fig. S5a). We show the estimated base temperature increase, AT, as a
function of the number of laser pulses extracted from an experiment in Fig. S5b. We observe that AT increases from
approximately 100 pulses to AT at around 80 K, followed by subsequent saturation at AT at about 120 K. We can
estimate the time of the heat dissipation by assuming that heat dissipates exponentially in our sample with time t. We

use the following equation to estimate T, taking into acount residual heat from previous N pulses: AT =

T (exp (— %) + exp (— %) +....+exp (— @)) =T (%:?Z;) - 1) , where T; is average increase in

T
temperature in the whole sample per pulse, d; is a time separation between pulses. The time constant of the heat
dissipation is ~80 ms. The time constant here exceeds that of the sample on Si substrate, which is recorded at 50 ms

at room temperature, attributed to silicon's heat conduction [6]. In this instance, the heat conduction of the glass
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Fig. S5. Estimation of the multipulse heat accumulation. (a) Sketch of the estimation of the heat accumulation procedure. We extract the
change in the base temperature T, by tracking the change in the threshold temperature relative to the beam FWHM. (b) The change in the base
temperature as a function of the number of pulses.

substrate is the cause of the slower heat dissipation.

Supplementary Note V

In this note, we estimate the peak temperature at the deterministically switched region after 10 K pulses of illumination
with a fluence of 2.26 mJ/cm? (Fig. S6 and Fig. S7a). To estimate heat accumulation in this region, we need to consider
that the laser beam intensity is distributed according to a Gaussian distribution. We demonstrate this in Fig. S6, where
we show the size of the laser beam in comparison with the nucleated domain after multipulse illumination. Using the

spatial profile of the beam and estimated heat accumulation after 10K pulses, we plot the heat accumulation profile
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Fig. S6. Laser beam in comparison with laser-induced domains. We plot an MFM image of the laser-induced domains (10,000 pulses and a
fluence of 2.26 mJ/cm?) in comparison with a laser beam intensity distribution. The image is to scale.

after illumination with 10K pulses in Fig. S7b. To estimate the peak electron temperature after multipulse illumination,
we need to include the temperature profile after single pulse illumination (Fig. S4b). We plot the spatial distribution
of a single pulse peak electron temperature in Fig. 7c. We can sum the peak electron temperature and accumulated

heat in the deterministically switched region (Fig. 7, black dot), as we consider accumulated heat as a change in the
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Fig. S7. Peak temperature during multipulse illumination. (a) MFM image of the laser-induced domains after illumination with 10000 pulses
(b) Spatial distribution of heat accumulation after 10000 pulse illumination. (¢) Spatial distribution of the single laser pulse peak temperature
during illumination. Spatial distribution was calculated taking into account the beam size. Fluence for all the figures was the same (2.26 mJ/cm?)



base temperature. The maximum temperature reached at the deterministically switched ring is ~550 K, which is
similar to the peak temperature in the center of the spot after single-pulse illumination (See Fig. S4b). These
calculations suggest that texture- and helicity-dependent switching occurs when each pulse in a sequence raises the

sample's temperature close to T, independent of the number of pulses.

Supplementary Note VI

This note presents an experiment investigating the impact of accumulated heat. We explore how a deterministic state
developed by multipulse laser excitation changes with the number of pulses. Each laser pulse in a sequence of pulses
is spaced by one second to allow the sample to reset to equilibrium before the next pulse comes (see Fig. S8a). The
results are compared with data collected using a 2 ms separation time (see Fig. S8b). In both scenarios, each pulse
delivers about 2.2 mJ/cm? of fluence. The findings show that with a 1 s separation time between pulses and fewer
than 100 pulses, stochastic domain networks form. As the number of pulses increases (greater than 100), these
stochastic networks tend to transition toward deterministic switching. For a 2-ms pulse separation, the sample cannot
achieve deterministic switching in a high number of pulses regime (>100). The deterministic region shrinks because
heat buildup from pulses at the spot center causes a mixed state at high pulse counts. Consequently, the deterministic
switching zone moves to fewer pulses (between 25 and 50). This experiment highlights that heat accumulation acts
as a parasitic effect. Conversely, accumulated heat can facilitate deterministic switching at fewer pulses, as it boosts

the probability of forming complex domain networks and speeds up texture-dependent switching.
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Fig. S8. Effect of the heat accumulation on all-optical switching. MFM image of the laser-induced domains as a function of the number of pulses
for a separation time of (a) 1 second and (b) 2 milliseconds between pulses. All images are 30x30 um?. The scale bar is 5 pm.
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